ABSTRACT: 37
Background: There is growing evidence that paternal pre-conception cigarette 38 smoke (CS) exposure is associated with increased risk of behavioral disorders and 39 cancer in offspring. The aim of the current study was to evaluate the impact of 40 paternal pre-conception CS exposure on sperm DNA methylation and offspring 41 phenotype. 42 Methodology/Principal: To characterize the effects of CS exposure on the sperm 43 epigenome and offspring neurodevelopment, we exposed male mice to CS and 44 bred exposed and control males to unexposed females and subsequently 45 evaluated sperm DNA methylation in sires and frontal cortex DNA methylation and 46 gene expression in offspring. We further investigated the role of oxidative stress 47 on sperm epigenetic changes using a mouse model (Nrf2 -/-) with impaired 48 antioxidant capacity. Lastly, we evaluated the capacity for sperm DNA methylation 49 to recover following removal of CS for 1-5 spermatogenic cycles (28-171 days) . 50
Conclusions/Significance: Smoking significantly impacts sperm DNA 51
methylation as well as DNA methylation and gene expression in offspring. These 52 changes were largely recapitulated in Nrf2 -/mice independent of smoke exposure. 53
Recovery experiments indicated that about half of differentially methylated regions 54 returned to normal within 28 days of removal from smoke exposure, however 55 additional recovery following longer periods was not observed. We present strong 56 evidence that cigarette smoke exposure induces paternally mediated, heritable 57 epigenetic changes. Parallel studies performed in Nrf2 -/mice provide evidence for 58 oxidative stress as the predominant underlying mechanism for smoke-induced 59 mice exhibit no measurable increase in somatic cell chromosome damage, 106
indicating that germ cells may be more prone to environmentally-induced genetic 107 and/or epigenetic insults compared with somatic cells. Destabilization of ESTRs in 108 the adult male germline is well documented to be associated with 109 transgenerational effects in the mouse genome (17) (18) (19) (20) (21) . 110
111
The International Association for Research on Cancer recently declared that 112 paternal smoking prior to pregnancy is associated with a significantly elevated risk 113 of leukemia in the offspring (22), suggesting CS-induced genetic or epigenetic 114 changes occur in sperm that are transmitted to offspring. We recently reported 115 altered sperm DNA methylation (DNAme) patterns in men who smoke (23). In 116 addition, smoking has been clearly shown to modify DNAme patterns and gene 117 expression in somatic tissues in individuals exposed to first-or second-hand 118 tobacco smoke (24-26) as well as in newborns of smoking mothers (27) (28) (29) . A 119 growing body of evidence suggests that CS exposure could have negative health 120 consequences not only for the exposed fathers, but also for their offspring. 121
122
Results of these studies motivated us to investigate the impact of smoking on 123 mouse sperm DNAme as well as the potential transmission of those effects to 124 offspring. Additionally, we aimed to explore the dynamics of sperm epigenetic 125 changes after withdrawal from smoke, to determine whether DNAme changes 126 recover following removal of the insult for more than five complete cycles of 127 spermatogenesis (171 days; Figure 1) . 128 parameters were different in F1 animals based on paternal CS exposure ( Initially, we performed reduced representation bisulfite sequencing (RRBS) to 157 explore the effects of smoking on F0 sperm DNAme patterns (sperm collected 158 within 3 days of completing a 60-day smoking treatment), and we examined 159 whether CS-induced methylation changes recover to baseline unexposed levels 160 following removal of CS exposure (28, 103 and 171 days after smoking 161 treatment; n = 10 per group). 162
163
At individual CpG sites, we found changes in DNA methylation at a large number 164 of CpGs (Figure 2A & Figure S1A ) with essentially equal representation of sites 165 that lost methylation and gained methylation as a consequence of smoke 166 exposure. In addition, we found that the number of differentially methylated CpGs 167 declined only slightly after removal of CS exposure for 28-171 days (Figure 2A ). 168
169
We partitioned differentially methylated CpGs into three groups: 1) shared, 170 meaning differentially methylated CpGs that were maintained between the 171 treatment group and the respective recovery group, 2) recovered, meaning CpGs 172 that were differentially methylated after initial exposure but were no longer 173 differentially methylated in the recovery group, and 3) new, meaning CpGs that 174
were not differentially methylated after initial exposure but emerged as newly 175 differentially methylated in the recovery groups. These classes were assessed 176 separately for CpGs that initially lost methylation verses those that initially gained 177 methylation relative to the control. Interestingly, for CpGs that lost methylation, 178 the three groups were relatively evenly represented across recovery times, with 179 only a slight over-representation of shared CpGs. For CpGs that gained 180 methylation, there was a slight bias toward the emergence of new differentially 181 methylated CpGs across recovery groups ( Figure 2B ). 182
183
Given that DNAme status of CpG regions likely has a greater capacity to confer 184 functional effects compared with individual sites, we subsequently binned 185 individual CpG sites into regions based on their proximity (see methods). We 186 then performed analyses similar to those performed for individual CpGs. 187
Interestingly, changes in DNA methylation occurred at far fewer regions 188 compared with individual CpGs ( Figure S1B ), and we found strong evidence for 189 recovery of smoke-induced sperm DNAme changes following a recovery period. 190
Strikingly, the majority of DNAme regions that recovered returned to control 191 levels within 28 days of removal of smoke exposure, with no evidence for 192 additional correction following longer recovery periods ( Figure 2C ). In contrast 193 with the individual CpG data, we found that far fewer new differentially 194 methylated regions (DMRs) emerged during the recovery period ( Figure 2D ). 195
196

Regions of high and low DNAme recovered, and changes were associated 197
with Nrf2-mediated effects. 198
We then sought to understand epigenetic properties that might impact the ability 199 of specific regions to recover following removal of the CS, including the initial 200 methylation status. For this analysis, we classified all DMRs into six classes, 201 based on their dynamics during recovery (shared, recovered or new) and their 202 direction of change (increase or decrease; Figure 3A ). We discovered that the 203 initially hypomethylated DMRs in which methylation increased with smoke 204 exposure displayed a higher likelihood of recovery, and initially hypermethylated 205
DMRs that decreased in methylation were likewise more likely to recover (Figure 206 groups. In addition, we observed that recovered DMRs that initially decreased in 208 methylation level show lower variation compared to all other groups (Figure 209 S2A), thus suggesting that regions of extreme hyper-and hypo-DNAme were 210 less likely to change after CS exposure, and when changes did occur, these 211 regions were more likely to recover. 212
213
We hypothesized that CS-induced alterations to the methylome might depend on 214 antioxidant capacity, and that reducing antioxidant capacity might mimic or 215 enhance smoke-induced changes to sperm DNAme. This led us to examine the 216 changes of sperm DNAme in Nrf2 -/mice (compared to WT mice), as well as the 217 changes in sperm DNAme in CS-exposed compared with unexposed Nrf2 -/mice. 218
We initially found that the degree of DNA methylation changes, and the number 219 of sites impacted, were similar in Nrf2 -/mice compared with WT ( Figure S3A ). 220
We were surprised to find that the CS-induced DNAme changes in WT sperm 221 were largely recapitulated in Nrf2 -/sperm irrespective of CS exposure ( Figure  222 3B). Notably, the sperm DNAme changes observed in unexposed Nrf2 -/mice 223 were similar to changes observed in Nrf2 -/mice that were exposed to CS, with no 224 evidence for an enhanced effect attributable to CS. This correlation in the degree 225 of DNAme change was consistent when assessed genome-wide, and we did not are associated with an alternative, unidentified inheritance mechanism. Thus, we 235 aimed to test whether paternal CS exposure could impact the next generation 236 (F1). Given that brain and nervous systems were previously reported to be 237 sensitive to preconception paternal exposures (32-35), we investigated DNAme 238 by RRBS in the prefrontal cortex of F1 mice derived from CS-exposed WT and 239
Nrf2 -/sires compared to the offspring of unexposed males (n = 8 per group). 240
Similar to observations in F0 sperm, we found that paternal smoking altered 241
DNAme patterns in offspring brains, and these DNAme changes were highly 242 similar to brain DNAme changes observed in offspring of both unexposed Nrf2 -/-243 males (r=0.609) ( Figure 4A ) and CS-exposed Nrf2 -/males (r=0.477). In 244 agreement with F0 sperm DNAme data, exposure to CS appeared to have no 245 additional impact on brain DNAme beyond the Nrf2 -/effect ( Figure 4A -right) . 246
These observations suggest that CS-induced DNAme changes that occur in F1 247 brains are mediated by paternal oxidative stress, a well-established effect of 248 NRF2 depletion (36, 37) . 249
250
To investigate whether F0 CS-induced effects can be passed to F2, we 251 compared the smoke-associated DNAme changes observed in F0 WT sperm 252 with that of F1 sperm and found no correlation (r=-0.001; Figure 4B ). We also 253 observed that paternal CS-induced DMRs in F1 brains and those in smoke-254 exposed F0 sperm had minimal overlap (hypergeometric p-value =1; Figure 4C 
Smoking causes high gene expression variations in F1 brains 264
To further investigate the potential for phenotypic effects in offspring associated 265 with paternal CS exposure, we performed RNA-seq of the F1 frontal cortex in the 266 same animals as those assessed for frontal cortex DNAme. Interestingly, 267 paternal CS exposure caused a globally elevated variation in gene expression in 268 the F1 brains, which was also observed in the Nrf2 -/offspring ( Figure 5A ). In 269 agreement with the F1 brain DNAme data, we found that the paternal CS-270 induced gene expression changes in WT were highly similar to the Nrf2 -/-271 offspring, and the effects were not further elevated in the offspring of smoked 272
Nrf2 -/mice ( Figure 5B & S4D-E). Notably, this increased variation limited our 273 ability to identify reliably differentially expressed genes. Instead, we ranked 274 genes by changes in gene expression and performed gene ontology (GO) 275 analysis. We found that gene transcripts associated with classes including 276 neuropeptide receptors and hormone activity were over-represented in the 277 offspring of CS-exposed males ( Figure 5C ), while gene transcripts associated 278 with gene classes including immune response and metabolism were under-279 represented ( Figure 5D ). 280
281
DISCUSSION: 282
Recent studies have demonstrated that paternal preconception exposures to a 283 variety of pharmacologic agents and pollutants, including nicotine, THC, 284 morphine, and benzo[a]pyrene effect offspring phenotype, and often confer 285 neurobehavioral consequences (32) (33) (34) (35) (39) (40) (41) (42) . In some cases, the impacts are 286 inherited transgenerationally (40, 41) . The direct assessment of 287 transgenerational inheritance through F2 was beyond the scope of the current 288 study, however the absence of correlation between DMRs in F1 sperm and F2 289 sperm suggests that the affects we observed in F1 frontal cortex are not likely to 290 be maintained in a second generation, although an alternate non-DNA-291 methylation associated mechanism for transgenerational inheritance mediated 292 through noncoding RNAs or chromatin structure cannot be ruled out. Our data 293
suggest that in our experimental model, oxidative stress is the major contributor 294 to sperm DNA methylation changes and subsequent effects in the offspring. This 295 does not exclude the possibility that other factors, such as low-level nicotine 296 exposure might also contribute to DNAme effects (32, 33, 39, 42) , but we 297 suspect these additional factors are only minor contributors, based on the 298 absence of transgenerational effects in our system. 299 300 CS exposure clearly impacts sperm DNAme patterns, however it is reassuring 301 that many of the DNAme effects that occurred at high CpG dense regions were 302 corrected within 28 days. Genomic regulatory regions (such as promoters and 303 enhancers) tend to have high CpG density in the mouse. Thus, DNA methylation 304 changes at these regions, which might otherwise impact gene regulation, are 305 likely to be relatively short-lived. These data are in agreement with previous 306 studies that found that CS exposure significantly impacts DNA methylation 307 patterns in whole blood, and CS-associated methylation changes are largely 308 corrected following smoking cessation in a time-dependent manner (43, 44) . 309
310
We observed recovery after just twenty-eight days, which corresponds to just 311 under the duration of a full spermatogenic cycle in mice of 30 days. In man, a 312 spermatogenic cycle is 67 days, and additional research is required to 313 characterize the similarities and differences in the dynamics of sperm DNAme 314 alterations between mice and men. Additionally, it is not yet known whether the 315 corrections observed following removal of CS exposure ameliorate the affects 316 observed in offspring, or whether those effects are driven by the minority of 317 regions that persist following CS removal. Addressing these unknowns will be of 318 great interest for follow-up studies. 319 320 Interestingly, we found that regions of extreme hyper-and hypo-DNAme were 321 less likely to be impacted by CS exposure, and when changes did occur, these 322 regions were more likely to recover. This is consistent with a recent monozygotic 323 twin study that investigated differences in blood DNAme in twins discordant for 324 smoking (45). Additionally, our observation that individual CpGs did not recover 325 after smoke exposure to near the same degree as more CpG dense regions 326 suggests that CpG density might provide a degree of "buffering" against 327 environmental insults. If genomic regulatory function were held by individual 328
CpGs rather than by clusters of CpGs, minor variations or fluctuation in DNAme 329 levels might have significant impacts on physiology. Instead, our data suggests 330 that regions of higher CpG density, which are often found at gene regulator 331 regions like promoters (46), vary less in DNAme level than individual CpGs, and 332 therefore, these regions may be able to withstand a higher degree of 333 environmental insult without having lasting effects on physiology. This robustness 334 in function might explain in part why genomic regulatory regions have a high 335 degree of CpG density. 336
337
We investigated the impact of CS exposure in the oxidative stress-compromised 338
Nrf2 -/mouse strain with the expectation that we would observe more profound 339 effects of CS exposure on sperm epigenetic changes. Remarkably, while we did 340 not observe evidence for elevated susceptibility to CS-induced sperm DNAme 341 changes in Nrf2 -/-, we found the CS-effects observed in WT animals were 342 commensurately recapitulated in Nrf2 -/mice independent of CS exposure, 343
suggesting that elevated oxidative stress is the primary mechanism for CS-344 cortex between offspring of male mice exposed to CS with those not exposed, 358
we found strong evidence for an impact of paternal smoking on offspring 359 phenotype. In keeping with data obtained from Nrf2 -/mice, we suggest that 360 oxidative stress agents might contribute to behavioral or developmental impacts 361 in offspring. Notably however, our data showed little overlap of DNAme changes 362 in the F1 frontal cortex with DNAme changes in the F0 sperm. While this was 363 somewhat expected, as DNAme state undergoes dramatic reprogramming during 364 early development and neuronal differentiation, it is important to highlight -365 direct mitotic inheritance of DNAme state is unlikely to mechanistically contribute 366 to the oxidative stress effects we observed in F1 mice. Furthermore, we propose 367 that DNAme may be more accurately described as a marker of epigenetic 368 inheritance and not a mechanistic driver in transmitting environmental impacts 369 between generations. Additional studies are necessary to confirm this and to 370 distinguish other epigenetic features as markers or drivers, including chromatin 371 status and small RNAs, which could play a significant role in inheritance. Further, 372 the observation that CS-associated sperm DNAme changes were not identified in 373 the sperm of the F1 generation offers reassuring evidence that the changes 374 observed in F1 animals likely would not persist in the F2 generation. However, 375 direct studies to evaluate the potential for transgenerational impacts of CS 376 exposure are warranted. The implications of this for human spermatogenesis and 377 transgenerational inheritance also warrant further investigation. 378
Here we present strong evidence for: 1) a significant impact of CS-exposure on 379 the male germline, 2) relatively rapid partial correction of CS-induced sperm 380
DNAme alterations following removal of CS exposure, 3) the implication of 381 oxidative stress as the primary mechanism for CS-induced sperm DNAme All CS-exposed and control mice were age matched and smoking was initiated 408 between 6 and 7 weeks of age. Mice were exposed to CS using a Teague Model To characterize the impact of smoke exposure on the sperm DNA methylome, 420 and the capacity for smoke-induced sperm DNA methylation alterations to 421 recover following removal of the insult, we exposed 40 C57BL/6J (Jackson Labs 422 Stock # 000664) to cigarette smoke for comparison against 10 age-matched, 423 non-smoked controls. Ten CS-exposed mice and the 10 non-exposed controls 424 were euthanized and tissues collected within three days of the CS exposure 425 period. Subsequent "recovery" groups of 10 CS-exposed animals were 426 euthanized 28, 103 and 171 days after the exposure period (corresponding to 427 approximately 0.8, 3 and 5 spermatogenic cycles). In addition to experiments 428 with wild-type animals, ten age-matched Nrf2 -/mice on a C57BL/6J genetic 429 background (Jackson Labs Stock # 017009) were exposed to the same doses of 430 CS for the same time period, and ten age-matched unexposed Nrf2 -/mice were 431 utilized as controls. 432 433
Offspring transmission experiments: 434
Founder mice for heritability experiments included wild type C57BL/6J mice 435 (Jackson Labs Stock # 000664) that were exposed and not exposed to CS (n = 436 10-12 per group). Approximately one week after the exposure period, exposed 437 and control males were introduced to 6-week old CAST/EiJ female mice 438 (Jackson Labs Stock # 000928), and pairs were kept together until F1 litters were 439 born, or for 7 weeks without conceiving, whichever came first. The motivation for 440 outcrossing males to CAST/EiJ females was to leverage polymorphic alleles to 441 enable attributing reads to a specific parent, however due to the large average 442 spacing of informative SNPs in the CAST strain and the short sequencing reads 443 inherent in Illumina sequencing we were unable to classify the large majority of 444 reads based on parent-of-origin. We therefore analyzed the data without regard 445 to parent-of-origin. F1 litters were weaned at approximately 21 days of age, and 446 pups were regularly weighed until they were euthanized. F1 animals were 447 euthanized at 14-17 weeks of age, and heart, lung, liver, kidney, brain, testis and 448 epididymal sperm were collected for molecular studies. 449 450 Animal phenotyping: 451
Following epididymal sperm extraction, sperm count and motility were assessed 452 in CS-exposed and control F0 animals as well as F1 offspring. In addition, time to 453 conception and litter size were compared between F0 groups. F1 offspring were 454 evaluated for growth trajectory. For statistical analysis of growth trajectories 455 between groups, animal weights were plotted against age for all pups within a 456 group (C57BL/6J or Nrf2 -/-). Models to fit the data were tested, and a logarithmic 457 model generally yielded the highest r 2 . Theoretical weights were calculated for 458 each weight event based on the model generated, and differences between 459 theoretical and actual weight were calculated. A mean of average differences 460 within an individual across weight events was calculated for each animal, and 461 unpaired student's t-test was used to compare these differences between 462 smoked and non-smoked animals within each group. Differences in animal 463 weights and sperm parameters were evaluated using two-tailed Student's t-test, 464 and two-tailed Fisher's Exact tests were used to evaluate weekly differences in 465 conception between groups. P < 0.05 was considered significant. 466 467
Molecular analyses: 468
Sperm collection and DNA extraction: 469
Sperm was collected from the cauda epididymis and vas deferens immediately 470 after euthanasia by scoring the tissue along the length of the tubules with a 28-G 471 needle and gently pressing the tissue to expel the sperm mass. Tissues were 472 then placed in a center-well dish in equilibrated Quinn's medium supplemented 473 with FBS in a humidified CO2 incubator for one hour. Following the swim out 474 period, sperm concentration and motility were assessed on a Makler chamber 475 and sperm were snap frozen in liquid nitrogen. Samples were subsequently 476 thawed and subjected to a stringent somatic cell lysis protocol to ensure a pure 477 population of sperm. Briefly, samples were passed through a 40 µM filter to 478 remove cell and tissue clumps followed by two 14 ml washes with ddH2O and 479 incubation for at least 60 minutes in somatic cell lysis buffer (0.1% SDS, 0.5%
480
Triton X in ddH2O) at 4º C. Following somatic cell lysis and visual confirmation 481 of the absence of contaminating cells, sperm DNA was extracted using the 482 Qiagen AllPrep Universal kit. Samples in cell lysis buffer were passed through a 483 28-gauge syringe multiple times to disrupt sperm membranes and liberate 484 nucleic acids prior to extraction. 485 486
Frontal cortex dissection and nucleic acid extraction: 487
Following euthanasia of F1 males (n = 8 per group), left brain hemispheres were 488 dissected and placed in PaxGene tissue stabilizer and after 24 hours, fixed in 489
PaxGene fixative and stored at -80º C. Samples were subsequently thawed and 490 frontal cortex dissected under a stereo microscope according to the method 491 described by Chiu et al. (48) . Tissue was then disrupted using a microcentrifuge 492 pestle, and RNA and DNA were extracted using the Qiagen AllPrep Universal kit 493 according to manufacturer's protocols. 494
495
RRBS library construction: 496
Following DNA extraction, Bioo Scientific NEXTflex Bisulfite Library Prep Kit for 497
Illumina Sequencing was used for library preparation. To maximize coverage, we 498 employed two separate restriction digests with MspI and TaqαI. Following 499 digestion, products were pooled, and Klenow Fragment was utilized to create 3'A 500 overhangs. DNA was subsequently purified with Zymo DNA Clean and For genome wide DNA methylation analysis, sequence data from RRBS libraries 520 was aligned to the mouse mm10 genome using the Bismark pipeline with special 521 attention to RRBS specific issues, as noted in the Bismark User Guide and the 522 Bismark RRBS Guide. Only CpGs where read coverage was greater than 8 for at 523 least 4 biological replicates were considered "scoreable" for downstream 524 analysis. Only CpGs with more than 5% change in methylation relative to control 525 samples were classified as differentially methylated. When considering DMRs, 526 only regions greater than 50 base-pairs in length with 3 or more scorable CpGs 527 were analyzed. Then, one third of the CpGs within each analyzed region needed 528 to be differentially methylated in order for a given region to be under 529 consideration as a DMR. Finally, qualifying regions were classified as bonafide 530
DMRs if there was more than 5% change in methylation relative to control 531 samples. For genome wide gene expression analysis, sequencing data from 532
RNASeq libraries was aligned using Novoalign. Aligned splice junction were 533 converted to genomic coordinates and low quality and non-unique reads were 534 Abbreviations: CN-control Nrf -/-, SN-smoke-exposed Nrf -/-, CWT-control wild type animals, SWT-700 smoke-exposed wild type animals. Sperm characteristics, litter size and growth rates for F1 offspring of smoke-exposed and control 708 animals. Abbreviations: CN-control Nrf -/-, SN-smoke-exposed Nrf -/-, CWT-control wild type 709 animals, SWT-smoke-exposed wild type animals. 1 Schematic of study design. Six to seven-week-old WT and Nrf2 -/-713 mice were assigned to one of two groups: CS-exposed and non-exposed 714 controls. Following 60 days of CS exposure, mice were bred to unexposed 715 CAST/EiJ female mice. Groups of animals were euthanized and tissues collected 716 3, 28, 103, and 171 days after removal from CS exposure. Sperm DNA 717 methylation analysis was performed by RRBS on F0 exposed and control 718 animals. Offspring derived from exposed and control C57BL/6J males were 719 euthanized at 14-17 weeks of age, and tissues were collected. DNA methylation 720 analysis was performed on sperm and frontal cortex to investigate the impact of 721 paternal smoking status on methylation patterns in offspring. In addition, RNAseq 722 was performed on frontal cortex tissue to investigate the association between 723 paternal smoking and neural gene expression. methylated loci in CS-exposed mice compared with age matched controls does 729 not diminish following a recovery period of up to 171 days. B) When considering 730 only loci that lost methylation in the CS-exposed group, about one third of 731 differentially methylated loci persisted for the entire recovery period (white), one 732 third returned to baseline levels (blue) and one third emerged as differentially 733 methylated following a recovery period (pink). Contrastingly, for loci that gained 734 methylation as a result of CS exposure, a smaller fraction of differentially 735 methylated CpGs persisted of recovered while nearly half of differentially 736 methylated loci emerged during the recovery period. C) Unlike the case of 737 recovery at the CpG level, when differentially methylated regions were analyzed, 738 a significant proportion (about half) of regions recovered within 28 days without 739 CS exposure, with no evidence for additional recovery following longer periods of 740 recovery. D) The majority of DMRs observed prior to recovery were either 741 maintained across the recovery period or returned to baseline levels, with only a 742 small fraction of DMRs emerging during the recovery period. Of note, regions 743 that gained methylation in CS-exposed animals were less likely to recover and 744 more likely to emerge as a new DMR during the recovery period compared with 745
DMRs that lost methylation. Timepoint 1 = 28-day recovery group, timepoint 2 = 746 103-day recovery group, and timepoint 3 = 171-day recovery group. All 747 comparisons were to the 3-day recovery group. methylation decreased with smoke exposure were more likely to recover. 755
Regions displaying methylation between 25% and 75% Regions of intermediate 756
DNAme were less likely to recover across all groups. Timepoint 1 = 28-day 757 recovery group, timepoint 2 = 103-day recovery group, and timepoint 3 = 171-day 758 recovery group. All comparisons were to the 3-day recovery group. B) Heatmap 759 illustrating the significant similarity between CS-associated DMRs identified in 760 WT mice and DMRs associated with the Nrf2 -/genotype, apparently independent 761 of CS-exposure status. C) A high correlation in DMRs was observed between 762 CS-exposed WT mice and Nrf2 -/whether or not they were exposed to CS. No 763 correlation was observed between DMRs identified in the current study 764 cortex variation in gene expression in CS-exposed versus control Nrf -/mice, 828 demonstrating that paternal CS exposure did not further elevate the increased 829 gene expression variation in Nrf -/offspring beyond the effects of genotype alone 830 illustrated in Figure 5A . E) Scatter plot of F1 frontal cortex gene expression 831 variation in CS-exposed WT offspring versus control Nrf -/demonstrating that 832
control Nrf -/offspring exhibit a similar degree of variation as CS-exposed WT 833 animals. 834 LIST OF ABBREVIATIONS: DMR-differentially methylated regions; DNAme-DNA methylation; CS-cigarette smoke; CN-control Nrf2 -/-; SN-smoke-exposed Nrf2 -/-, CWTcontrol wild type animals; SWT-smoke-exposed wild type; VD2-vinclozolin exposure;
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